The negative association between gastric cancer and EAC in both current incidences and time trends is consistent with a common environmental factor predisposing to one and protecting from the other.
INTRODUCTION
Over the past three decades, esophageal adenocarcinoma (EAC) has been one of the fastest increasing malignancies in many countries ( 1, 2 ) . Th e cancer is thought to be the result of gastroesophageal refl ux damaging the distal esophagus and causing columnar metaplasia oft en with intestinal phenotype. Th is Barrett's mucosa has an increased risk of progressing to dysplasia and adenocarcinoma.
Th e environmental factors causing the recent marked increase in incidence of EAC are unclear. Central obesity is associated with The incidence of esophageal adenocarcinoma (EAC) is increasing while adenocarcinoma of the stomach is decreasing. We have investigated whether the incidences of these two cancers and their time trends might be inversely related pointing to a common environmental factor exerting opposite effects on these cancers.
METHODS:
For cross-sectional analyses data were abstracted from "Cancer Incidence in Five Continents" (CI5) Volume X and GLOBOCAN 2012. Relevant ICD-10 codes were used to locate esophageal and gastric cancers anatomically, and ICD-O codes for the histological diagnosis of EAC. For longitudinal analyses, age standardized rates (ASRs) of EAC and total gastric cancer (TGC) were extracted from CI5C-Plus.
RESULTS:
Estimated (2012) ASRs were available for 51 countries and these showed signifi cant negative correlations between EAC and both TGC (males: correlation coeffi cient (CC)=−0.38, P =0.006, females: CC=−0.41, P =0.003) and non-cardia gastric cancer rates (males: CC=−0.41, P =0.003 and females: CC=−0.43, P =0.005). Annual incidence trends were analyzed for 38 populations through 1989-2007 and showed signifi cant decreases for TGC in 89% and increases for EAC in 66% of these, with no population showing a fall in the latter. Signifi cant negative correlation between the incidence trends of the two cancers was observed in 27 of the 38 populations over the 19-50 years of available paired data. Super-imposition of the longitudinal and cross-sectional data indicated that populations with a current high incidence of EAC and low incidence of gastric cancer had previously resembled countries with a high incidence of gastric cancer and low incidence of EAC.
both refl ux and EAC and the increasing prevalence of obesity is likely to explain some of the rise in incidence of EAC ( 3, 4 ) . Smoking is another well-established risk factor for esophageal adenocarcinoma ( 5 ) . However, the prevalence of smoking has decreased over more than six decades in most Western countries and thus this cannot account for more recent increases in incidence of esophageal adenocarcinoma ( 6 ) . Another possible explanation is that Helicobacter pylori ( H. pylori ) infection has been protecting against acid refl ux, and thus EAC, and this is being lost by the falling incidence of the infection ( 7 ) . Th ere is a well-established negative association between H. pylori infection and both gastroesophageal refl ux and EAC ( 8, 9 ) . Th is negative association between H. pylori and EAC is independent of the other risk factors of EAC including smoking and BMI ( 10 ) . A proposed mechanism for the protective eff ect of H. pylori is that the gastritis induced by it may cause atrophy and reduced acid secretory capacity of the gastric mucosa. As the acidity of the gastric juice is its main damaging component, reduction of this by H. pylori would protect against refl ux-induced esophageal damage and associated adenocarcinoma ( 11 ) .
H. pylori atrophic gastritis is the major risk factor for noncardia gastric cancer (NCGC) ( 12 ) . If H. pylori infection does protect against EAC by inducing atrophy and reduced acid secretion, there should be a negative association between NCGC and EAC at a population level as the gastric mucosal changes predisposing to gastric cancer would be the same as those protecting from EAC. Opposing incidence trends for EAC and NCGC have been reported in a study of the population of the East of England ( 13 ) .
Th is study examined the relationship between the current incidences of the two cancers in diff erent geographical regions of the world. In addition, we studied the relation between changes in incidence of the two cancers over time.
METHODS

Cross-sectional studies
Based on data from Cancer Incidence in Five Continents Vol. X (CI5X) ( 14 ) and GLOBOCAN 2012 ( 15 ) , age-specifi c and agestandardized (world population) incidence rates (WASR) were estimated for EAC and gastric cancer by topographical subsite (cardia and non-cardia) in 2012. Th is method has been described in more detail by Arnold et al. ( 16 ) and Colquhoun et al. ( 17 ) In brief, sex-and age-specifi c (<65; ≥65 years) proportions of EAC were computed for all countries included in CI5X except for those with no cases of EAC in one of four substrata (male, female; <65, ≥65 years; N =51). Similarly, the proportions of cardia cancer (C16.0) and NCGC (C16.1-6) cases out of all gastric cancers with known topography (C16.0-6) were calculated for each country included in CI5X and stratifi ed by sex and the same broad age groups, provided there were two or more cases of cardia gastric cancer (CGC) and NCGC within each sex and age group stratifi cation. Where there were multiple data sets (from diff erent regional cancer registries within a country), cases and populations were pooled to obtain estimated national proportions. Th e histological types of esophageal cancer and the topographical classifi cation of gastric cancers were defi ned according to the third edition of the International Classifi cation of Diseases for Oncology (ICD-O-3) presented in Cancer Incidence in Five Continents Vol. IX (CI5IX) ( 18, 19 ) . For this analysis, the national or regional proportions of CGC/NCGC and EAC cases determined in the previous steps were applied to the 2012 gastric and EAC incidence estimates in GLOBOCAN 2012. Age-standardized incidence rates were computed using the world standard population ( Table 1 ) .
Longitudinal studies
For the longitudinal study, WASR of EAC and total gastric cancer (TGC) were extracted from Cancer Incidence in Five ContinentsPlus (CI5-plus) ( 1 ). Cardia and non-cardia subsite data were not used because there were few longitudinal data for the specifi c subsite and also because there have been continuous changes in the subsite assignation practices for gastric cancer in histopathology laboratories. A total of 38 populations around the world were selected for this study based on (a) availability of data of esophageal cancer recorded by histology, (b) a time period of at least 19 years ending in 2007, (c) if separate data sets were available for ethnic groups, at least one data set per ethnic group was selected. Th e incidence (WASR) of EAC and TGC at the start year (diff erent for each registry), year 1989 (earliest time common for all populations) and year 2007 (end year) were reported in Table 2 , for men and women separately.
Statistical analyses
For the cross-sectional study, Spearman's rho correlations were used to explore the relationship between WASR of the two cancers. In the longitudinal study, in addition to Spearman's rho correlations for pairwise correlation of EAC and TGC time trends for individual registries, regression modeling was used to estimate the degree of incidence changes over time as described by Kim et al. ( 20 ) . Briefl y, using Joinpoint Programme version 4.1.0 (National Cancer Institute) we analyzed the time trend data for each cancer, in each registry, in men and women individually (38×2×2=152 data sets). Th e programme fi tted the simplest Joinpoint model that the data allowed. Th e models used the log of the WASR for calculating the average annual percent change (AAPC) in rates and their corresponding 95% confi dence intervals (CIs). When any comparisons were made between diff erent populations, the AAPC was always limited to the same 19-year period (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . When correlations were made between the change of cancer incidence between the two cancers within the same population, we present this in two diff erent forms, fi rstly for the full length of available longitudinal data for each population and secondly, limiting it to the same common observation period (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) .
As EAC is much more common in men, we have focused mainly on results for men within the main text but have provided comparable analyses for women in the supplement.
RESULTS
Cross-sectional study of national data
Incidence rate estimates were available for 51 countries ( Derakhshan et al. In general terms, gastric cancer incidence was highest in East Asia and lowest in Western Europe and North America whereas EAC showed the opposite trend. In all 51 countries except the UK, EAC incidence rates were lower than the TGC rates and in 43 of 51 countries also lower than the NCGC incidence rate. Statistically signifi cant negative correlations between the incidence rates of EAC and both TGC (men (correlation coeffi cient (CC)=−0.38, P =0.006), women (CC=−0.41, P =0.003)) and NCGC incidence (men (CC=−0.41, P =0.003) and women (CC=−0.43, P =0.005)) were observed. Th e wide range in incidence of both EAC and TGC together with their inverse correlation resulted in a more than 200-fold range in the ratios of TGC to EAC across the diff erent countries (more than 200:1 for the Republic of Korea to less than 1:1 for the United Kingdom).
Despite the strong negative correlation between the incidence rates of the two cancers, inspection of the data points indicated that in two respects the correlation was not linear ( Figure 1a,b ) . First, the incidence of EAC seemed to be at a similar low level for all countries with moderate or high gastric cancer incidence and with a progressive rise in incidence at lower gastric cancer levels. Th e incidence of TGC below which the rise in EAC was apparent was ~15 per 100,000 py in men ( Figure 1 ) and 7.5 per 100,000 py in women ( Supplementary Figure S1a,b online). Second, when the incidence of TGC was low, the level of EAC incidence varied considerably between countries with some showing marked elevation, some moderate and some no elevation. Th e equivalent fi gures for women showed a similar pattern though this was less clear due to much lower incidence rates (see Supplementary Figure S1a ,b in supplement).
In order to investigate further the geographical distribution of the countries according to their TGC and EAC incidence rates, we sub-divided them into four groups ( Figure 1c ). In men, the fi rst three groups consisted of countries with low TGC incidence (<15 per 100,000 py) and EAC incidence high (>5)-Group A, medium (1.5-5)-Group B, and low (<1.5)-Group C. Th e fourth group (D) consisted of countries with high rates of gastric cancer (>15) and low EAC (<1.5).
Th e countries in these diff erent groupings are shown in Figure 2 . Group A with the highest rate of EAC and low (<15) TGC was limited to the United Kingdom, the Netherlands, and Ireland. Group B with moderate EAC and low TGC (<15) comprised Northern America, Australia, New Zealand, Germany, Belgium, Denmark, Finland, Norway, France, Brazil, and Uruguay. Group C with low EAC and low TGC (<15) was a very heterogeneous group from around the world (Th ailand, Phiippines, India, Bulgaria, Croatia, Egypt, Israel, Italy, Spain, Poland, Serbia, Slovakia, and Singapore). Group D with low EAC and moderate to high TGC includes South American countries, Eastern Europe, Korea, China, Japan, Russia, Iran, and Turkey.
In women, sub-dividing all countries into groups based on their rates of esophageal and gastric cancer incidence demonstrated similar geographical patterns ( Supplementary Figure S2 in supplement).
Longitudinal study
Changes in incidence of esophageal adenocarcinoma and gastric cancer . To explore the rate of change in incidence of EAC and TGC during the period of 1989-2007 in males, we calculated AAPC for each of the 38 populations individually, and presented these in Figure 3 , ordered by descending AAPC of EAC. During this time period, most populations (34/38, 89%) had experienced a signifi cant decrease in the incidence of TGC, with Derakhshan et al. We investigated any diff erences between the 13 populations showing no signifi cant rise in EAC and the 25 population showing a rise. Th e populations which showed no signifi cant change in EAC showed a rate of decrease in TGC (AAPC range −4.9% to 0.7%) similar to those that showed increase in EAC (AAPC range=−5.1% to −1.4%; P =0.504). Likewise, the registries showing no rise in EAC did not diff er from those showing an increase in that the two groups had a similar most recent (2007) TGC incidence (9.5 vs. 9.6/1,000,000 py; P =0.584).
Th e data for women again showed a similar pattern and are shown in Supplementary Figure S3 . In addition, further analyses using longer but varying periods of observation (19-50 years) were conducted with similar fi ndings and are presented in the supplement as Supplementary Figure S4 for men only.
Correlation of incidence trends of EAC and TGC .
We looked for any correlation between the incidence trends for both cancers for those 38 populations with suffi cient longitudinal data and included the full observation period of paired data (i.e., not limited to 1989-2007) ( Table 3 ). In men, signifi cant negative correlations between incidence rate trends of EAC and TGC over time were present in 27 of the 38 populations when compared over preceding 19-50 years and evaluated in pairs ( Table 3 ). Positive correlations were not observed for any population.
When the calculation of correlations between EAC and TGC incidence trends was limited to the common but shorter observation period (last 19 years of 1989-2007), the magnitude of correlations was weaker in some of the populations. Only 19 of 38 populations showed signifi cant negative correlations for men and 7 of 38 for women (see Supplementary Table S1 in supplement).
Relationship of longitudinal and cross-sectional data
We investigated the relationship between the cross-sectional data of most recent incidences of the two cancers and the longitudinal incidence trends. On the cross-sectional scatter plot fi gure showing the correlation between current incidence of EAC and TGC across diff erent countries we superimposed a line indicating the incidence trend over preceding years available from the longitudinal data. Th is allowed us to examine the changes in incidence of both TGC and EAC cancer over time and how it related to their current incidences in diff erent countries. To facilitate visual inspection we did this separately for each of the four categories of countries i.e., groups A, B, C, and D based on incidence pattern of the two cancers ( Figure 4 ). For the longitudinal data we selected the three populations from each of the groups A, B, C, and D with the longest observation periods. Th e resulting plots indicated that the countries with current low incidence of TGC and current high, medium, or low incidence of EAC had previously resembled countries with a current high incidence of TGC and current low incidence of EAC. As the incidence of TGC has fallen this has been accompanied by varying degrees of increase in EAC with some populations showing a marked increase, some moderate increase, and some no increase.
DISCUSSION
Our study has demonstrated an inverse association between the incidence of EAC and gastric cancer. Th is is apparent with respect to both the current incidences of these two cancers across diff erent countries and with respect to changing incidence of the two cancers within the same populations over time. Th e inverse association is intriguing in view of the fact that the two cancers are biologically very similar. Both EAC and TGC arise from epithelia of closely adjacent, indeed abutting regions of the upper gastrointestinal tract, both are the result of chronic damage and infl ammation exerted by their luminal environment and both usually show very similar and oft en indistinguishable histological appearance.
Our cross-sectional study showed that both cancers were similar in having a wide range in current incidence rates (20-30-fold in males) across the diff erent countries but diff erent in having contrasting geographical patterns. Th e longitudinal studies showed that the incidences of both TGC and EAC had changed markedly over recent decades but these changes were in opposite directions and there was a statistically signifi cant inverse association between the changing incidence rates of the two cancers in 71% of the registries.
Combining the cross-sectional and longitudinal data provided an overall picture of what has been happening to these two cancers over time and in diff erent regions of the world. Previously, most countries had a high incidence of gastric cancer and a low incidence of EAC. Since then, the incidence of gastric cancer has fallen in all countries and as it has reached low levels it has been accompanied by varying degrees of increase in EAC with some regions showing marked increase, some moderate and others no increase.
What is the explanation for the opposing incidences and time trends of these two cancers? Could diff erences between countries in classifi cation of junctional cancers into esophageal vs. gastric locations and/or changes in classifi cation of these cancers over time explain some of the observations? In the cross-sectional 
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in themselves explain the increase in EAC and indeed increased vitamin consumption may protect from EAC ( 28 ) . However, increased caloric intake and associated obesity is a well-established risk factor for EAC ( 28 ) . It is therefore possible that changes in the diet comprising both a fall in salt content and increased caloric content could produce a fall in total TGC and rise in EAC. However, a recent analysis indicated that increasing obesity may only account for 6.5% of the increase in incidence of EAC and suggesting the role of additional environmental factors ( 3 ). Another environmental factor that might exert opposite eff ects on the incidence of the two cancers is H. pylori atrophic gastritis which is the most important etiological factor for NCGC ( 29 ) . In countries with a high incidence of gastric cancer there is also a high incidence of atrophic gastritis and associated impaired gastric acid secretion ( 30 ) . In contrast, in subjects without H. pylori, gastric acid is maintained and shows no decline with increasing age ( 31 ) . In countries with a high incidence of gastric cancer the high prevalence of H. pylori atrophic gastritis will protect from EAC as any gastroesophageal refl uxate will have reduced ability to damage the esophagus due to its reduced acidity. Epidemiological studies have shown consistent associations between H. pylori and both TGC and EAC being positive with respect to the former and negative with respect to the latter ( 10 ). As the prevalence of H. pylori atrophic gastritis falls, it will be accompanied by a fall in gastric cancer but potentially also a rise in EAC due to increasing gastric acidity. Th e prevalence of H. pylori infection has fallen over recent decades in association with improved living conditions ( 32 ) . study, we found that the inverse association remained strong and indeed became slightly stronger by excluding cancers occurring at the gastric cardia and thus more likely to be misclassifi ed. Th e longitudinal data only provided information on TGC. Spurious inverse association between incidence trends of the two cancers due to changing classifi cation of cardia junctional cancers would only be likely to be a signifi cant issue in countries with a very high incidence of gastric cancer and low incidence of EAC as misclassifi cation of a small proportion of the former could substantially increase the latter ( 21 ) . Such misclassifi cation, however, could not explain the strong inverse incidence trends as they were most apparent in countries with lower gastric cancer incidence ( 22 ) . Th e marked changes in incidence of TGC and EAC over a short time scale indicate the infl uence of a changing environmental factor. In addition, the inverse association between the changing incidences indicates that the environment factor is exerting opposite eff ects on these two cancers. Th e environmental factors that are thought to explain the falling incidence of TGC include a falling incidence of H. pylori atrophic gastritis, dietary changes and reduced smoking ( 23, 24 ) . Could the falling incidence of any of these be associated with an increase in EAC and thus explain the inverse association in the incidence trends of the two cancers? Smoking is not a candidate as it is a similar risk factor for both cancers ( 5, 25 ) . Dietary changes might be important. Th ere is some evidence that increased intake of vitamins and reduced salt consumption may have contributed to the falling incidence of gastric cancer ( 26, 27 ) . Th ese specifi c dietary factors would not 
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Association of Esophageal Adenocarcinoma and Gastric Cancer step in the pathway to EAC. Comparative studies of countries with low vs. high incidence of EAC despite low incidence of TGC may shed new light on the etiology and pathogenesis of EAC. An important question is whether countries where gastric cancer incidence is still high but falling such as Japan and South East Asia will encounter a rise in EAC similar to that recently experienced in Western countries. A fall in the incidence of gastric cancer to a low level is not necessarily accompanied by a rise in esophageal adenocarcinoma as highlighted above. However, the current incidence of gastric cancer in Japan and South East Asia is still at a level which when present in Western countries was not yet associated with any rise in EAC and it will be interesting to observe what happens when this point is reached.
Strengths of our study include the use of high-quality global surveillance data. Limitations also need however to be recognized. Incidence rates used in the cross-sectional analysis were based on country-, age-, and sex-specifi c proportions of EAC from CI5X, which were then applied to GLOBOCAN 2012 data. Hence, they represent estimates of the true incidence rates within each country and should be interpreted with caution. Our inclusion criteria for the cross-sectional study furthermore resulted in a selection of 51 mostly high-income countries, which may not be fully representative on the global level. Pathological practices and classifi cations of histological subtypes have changed over time, which should be kept in mind when interpreting the results, especially from the longitudinal analyses. Also, registries covering diff erent time periods (19-50 years) were included in some of the longitudinal analysis, making them not directly comparable. Finally, most of the countries included in the cross-sectional studies have more than one original cancer registry and even though we selected the largest registry available from each country, it may not represent the full national picture.
In conclusion, this study demonstrates a strong inverse association between gastric cancer and EAC with respect to both their current incidences and time trends, suggesting a changing Interactions between H. pylori and dietary factors might also be important. Th ere is some evidence that a high-vitamin, lowsalt diet may protect from the development of atrophic gastritis in H. pylori-infected subjects ( 33 ) . Improved living conditions, with accompanying fall in H. pylori prevalence as well as increased vitamin and reduced salt intake could together markedly reduce atrophic gastritis with resultant fall in TGC and increase in EAC.
In the previous study by Anderson et al. ( 8 ) showing a strong negative association between H. pylori and esophageal adenocarcinoma, the association persisted even aft er correcting for atrophic gastritis detected by serum pepsinogens. However, it is recognized that serum pepsinogens are insensitive markers of atrophy ( 34 ) . In addition, H. pylori body-predominant gastritis is associated with reduced gastric acid secretion independent of atrophy ( 35 ) . Furthermore, body-predominant gastritis is an important risk factor for gastric cancer ( 36 ) , so even without signifi cant atrophy it might both promote gastric cancer and protect from esophageal adenocarcinoma.
Th ough there were strong inverse associations between the two cancers with respect to both current incidences and time trends, there was a group of countries with a low incidence of both cancers. Th is was a heterogeneous group consisting of Th ailand, Philippines, Singapore, India, Egypt, Israel, Bulgaria, Croatia, Italy, Spain, Poland, Serbia, and Slovenia. Due to the limited availability of longitudinal data for many of these populations, it was diffi cult to determine whether their low incidence of both cancers was due to the absence of a rise in EAC as their incidence of TGC fell, or whether they had never had a high incidence of TGC and were somehow protected from both cancers. It is possible that genetic and/or environmental factors present in some of these populations might inhibit the progression from infl ammation to neoplasia which is a common fi nal step in the pathways leading to both TGC and EAC. A lack of increase in EAC despite TGC falling to a low level might be due to the genetic and/or environmental factors protecting from gastroesophageal refl ux, which is an essential early common environmental infl uence exerting opposite eff ects on these two cancers. Th ough ecological studies do not establish causality, one biologically plausible environmental factor that could explain this unusual inverse association is H. pylori atrophic gastritis. However, changes in disease incidence are usually the result of several interacting environmental factors and changes in lifestyle predisposing to obesity as well as dietary interactions with H. pylori to induce atrophy are also likely to be important.
